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Abstract 
In microorganisms, two-component systems (TCSs) serve as control mechanisms that translate 
extracellular stimuli into intracellular responses such as movement and gene transcription. TCSs 
employ a sensor kinase that supplies a phosphoryl group to a response regulator, leading to 
downstream activity. Because the response times of TCSs span one million-fold from seconds to 
weeks, it is believed that the rate constants governing phosphotransfer vary across a similar range. 
However, since tertiary structure vary only slightly among response regulators, these differences 
are unlikely to explain the rate constant range. Rather, variable site residues adjacent to the active 
site are most likely responsible for regulating reaction kinetics. Currently identified primary 
sequence variations only account for 0.01% of the million-fold difference, indicating that 
additional undiscovered influencing factors exist. Primary sequence covariation showed that 
residues adjacent to the active site lysine termed K+1 and K+2 (PF in wild-type) strongly covary, 
suggesting functional importance. Therefore, phosphorylation and dephosphorylation rate 
constants were measured in vitro for mutants in the model response regulator CheY from 
Escherichia coli. The AF, AA, PL, and LL mutants had autophosphorylation rate constants similar 
to that of wild-type, whereas the constants for the PA and PG mutants were 12 and 7-fold faster, 
respectively. The LL mutant had a dephosphorylation rate constant 5-fold larger than that of wild-
type, whereas the other mutants were similar to wild-type. The mechanisms(s) by which K+1/K+2 
residues influence phosphoryl group reaction kinetics are currently unknown. Continuing to 
examine how the K+1/K+2 residues affect response regulator kinetics will improve understanding 
of overall TCS rate activity. 
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Introduction 
Response Regulators are Structurally Conserved and Possess Diverse Functions. Among 
cellular signaling pathways, two-component systems (TCSs) consist of histidine kinases (HK) 
interacting with response regulators (RR) via a series of phosphotransfer reactions. Upon receiving 
a stimulatory input from the environment, the histidine kinase will autophosphorylate a conserved 
histidine using an ATP molecule. Then, a response regulator catalyzes phosphotransfer from the 
HK to a conserved aspartate, which will control activity of downstream outputs such as 
sporulation, gene transcription, and chemotaxis. The phosphoryl group leaves the RR via 
hydrolysis with water, forming inorganic phosphate. With the notable exception of animals, TCSs 
are found in all other kingdoms of life, particularly eubacteria.  
Response regulators are typically composed of a conserved receiver domain and a variable output 
domain. In some cases, response regulators consist only of the receiver domain, which may bind 
to other proteins (Bourret, 2010). The tertiary structure of the receiver domain adopts a (βα)5 shape, 
with the five β-strands forming a flat sheet separating three α-helices on one side and two on the 
other (Figure 1). The population of RRs exists in an equilibrium between inactive and active forms. 
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Figure 1. Structure of Escherichia coli CheY showing conserved (green) and variable (blue) active 
site residues, the divalent cation Mg2+ (yellow sphere), a stable phosphoryl group analog BeF3
- 
(light blue and yellow), and the unique Trp used for fluorescence assays (purple). Courtesy of Dr. 
Clay Foster. 
Response Regulator Active Site is Highly Conserved. Five conserved amino acids form the 
response regulator receiver domain active site, which can catalyze autophosphorylation and 
autodephosphorylation reactions (Bourret 2010). A conserved aspartate (D) forms an acyl bond 
with the central phosphorus atom in the phosphoryl group. Two consecutive acidic residues (DD) 
bind to the divalent metal cation, required to stabilize an oxygen on the phosphoryl group via a 
coordinate metal bond. The threonine/serine (T) hydrogen bonds with an oxygen of the phosphoryl 
group. The conserved lysine (K) on the loop between the β5 strand and the α5 helix forms an ionic 
salt bridge with the final phosphoryl group oxygen (Figure 1) (Lee et al. 2001). 
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Phosphotransfer Occurs through Catalytic Activity of the Response Regulator. A high energy 
phosphate is bound to the histidine of the histidine kinase as a phosphoramidate linkage termed 
His-P. In the inactive forms of the response regulator, the residues within the active site are not 
properly aligned to bind to the phosphoryl group, reducing the likelihood of phosphorylation. The 
active configuration receiver domain catalyzes the transfer of the phosphoryl group from the His-
P. Because the receiver domain is also able to autophosphorylate in the presence of small molecule 
phosphodonors such as phosphoramidate (PAM), it possesses the underlying catalytic machinery 
required for phosphotransfer. Association of the RR with certain protein or DNA partners may 
allosterically regulate phosphorylation by switching the RR between active and inactive forms 
(Gao & Stock 2009). When the receiver domain binds to a phosphodonor, the enzyme-substrate 
complex is formed. Then, the complex undergoes a transition state in which the phosphoryl group 
becomes planar as the oxygens of the group are coordinated by the receiver domain active site 
residues. An oxygen from the aspartate attacks the phosphorus atom of the phosphoryl group, 
normal to the plane of the phosphoryl oxygens. This leads to inversion of the phosphoryl group 
and removal from the donor molecule, forming the enzyme-product complex. The phosphoryl 
group may be removed from the receiver domain via a phosphatase or by autodephosphorylation 
with water using an analogous mechanism. 
Timescale of Response Regulator Output Varies Widely Across Nature. The output response 
times of processes controlled by TCSs can fall anywhere on a one million-fold timescale, from 
seconds to weeks. Therefore, it is believed that on the molecular scale, phosphorylation and 
dephosphorylation reaction kinetics should also demonstrate a similar range of variation in order 
to produce the observed response times. Specifically, reported autodephosphorylation rate 
constants of wildtype response regulators vary over a nearly one million-fold range (Porter and 
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Armitage 2002; Jagadeesan et al. 2009), while autophosphorylation rate constants for CheY and 
PhoB, the only two response regulators currently measured, span two orders of magnitude 
(Thomas et al., 2013; Creager-Allen et al. 2013). 
Previous Studies Partially Account for Response Regulator Variation. The positioning of 
several amino acids adjacent to the active site residues is partially responsible for modulating the 
rate constant range. Specifically, the variable D+2, T+1, and T+2 residues are located one or two 
positions (as indicated) toward the C-terminus from their respective conserved active site residue 
(D and T). These variable residues were primarily chosen for study due to their proximity to the 
active site residues. Amino acid substitutions at D+1, T+1, and T+2 positions influence both 
phosphorylation (Thomas et al. 2013 ; Immormino et al. 2016) and dephosphorylation rates 
(Thomas et al. 2008; Immormino et al. 2016; Pazy et al. 2009; Page et al. 2016). The most 
substantial single residue change resulted in approximately a ten-fold change in the 
autodephosphorylation rate constant; multiple residue substitutions produced effects up to one 
hundred-fold for the same rate constant. However, solely changing the D+1, T+1, and T+2 residues 
is insufficient to account for the six-order of magnitude difference seen across various receiver 
domains in nature (Bourret 2010). 
K+1/K+2 Sites Demonstrate Potential for Study. Other unexplored factors must account for the 
rest of the dephosphorylation rate constant variation. One such possibility is the presence of 
additional influential variable residues. A covariation analysis examined which amino acids in the 
receiver domain tend to vary together (Page et al. 2016. A higher covariance score means that 
across multiple RRs from nature, combinations of amino acids are found at a pair of positions more 
frequently than expected by chance. This in turn suggests that interactions between the residues 
are important for the function or structure of the protein. The previously studied D+2/T+2 pairing 
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possesses the 6th highest covariation score (top 0.1%). The K+1/K+2 positions have the 5th highest 
score (top 0.1%) and were chosen for investigation. The K+1/K+2 pair is unusual and of interest 
because most of the residue pairs that earn a high covariation score are primarily hydrophobic 
amino acids located in the core presumably for structural integrity. In contrast, the K+1/K+2 pair 
is located on the exterior of the protein and is in proximity to the active site. Additionally, the 
D+2/T+1 residues covary quite strongly (rank #72, top 1%) and the K+1/T+1 also rank quite 
strongly (rank #60, top 1%). Given that D+2, T+1 and T+2 affect reaction rates, the connection of 
K+1 to these residues through the covariation score further strengthens the decision to pursue 
K+1/K+2 positions for study. 
Finally, the response regulator with the slowest known autodephosphorylation rate constant 
(Jagadesaan et al. 2009) has rare K+1/K+2 residues, suggesting that K+1/K+2 may further affect 
enzyme kinetics. 
K+1/K+2 Mutants are Chosen for Study. Escherichia coli CheY was selected as a model 
response regulator for study due to phosphorylation-dependent fluorescence of a tryptophan 
residue located at D+1 (Figure 1). The tryptophan fluoresces brightly when CheY is not 
phosphorylated and fluorescence is decreased when a phosphoryl group is bound. Also, CheY is 
not connected to an output domain, reducing possible allosteric affects. The K+1 and K+2 
positions (proline and phenylalanine respectively in wildtype CheY, termed PF) are located in the 
loop between the β5 and α5 chains (Figure 1). 
Single and double site mutants of CheY were created to observe the possible effects on 
phosphorylation and dephosphorylation reaction rate constants. Selecting particular K+1/K+2 
mutants was based on naturally occurring K+1/K+2 frequencies. For receiver domains with 
wildtype proline at K+1, most K+2 residues are large and hydrophobic, e.g. wild type 
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phenylalanine. Therefore, mutants that did not conform to this trend were created. PA, AF, and 
AA CheY mutants were produced to examine the role of small amino acid side chains in CheY 
activity. Furthermore, SG and LL mutants were created to mimic the fastest and slowest known 
dephosphorylation rate constants in nature respectively. Finally, the single site mutants PL and PG 
were made in the process of producing LL and SG. Unfortunately, due to misidentification of 
positions K+1/K+2 in the fastest and slowest dephosphorylating response regulators, SG and LL 
do not represent the correct amino acids at K+1/K+2. The actual sequence around the conserved 
lysine in CheY6 from Rhodobacter sphaeroides, the fastest dephosphorylation response regulator, 
is KPSG, so the correct K+1/K+2 pair is PS, not SG (Porter & Armitage 2002). RedF from 
Myxcoccus xanthus has two lysine residues that might plausibly represent the conserved lysine 
active in phosphotransfer (Jagadeesan et al. 2009). LL is the K+1/K+2 pair for one of the lysines 
and GG is the K+1/K+2 pair for the other. Structural modeling suggests GG is the true K+1/K+2 
pair. 
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Methods 
Examination of Non-Redundant Receiver Domain Sequences. A database of receiver domains 
sequences was examined to calculate the naturally occurring frequencies of amino acids at various 
variable positions (Page et al. 2016). 
Site-Directed Mutagenesis. QuikChange single and double site-directed mutagenesis was 
planned through the PrimerX website (http://www.bioinformatics.org/primerx/). The desired DNA 
mutation was input at the cheY K+1/K+2 codons. DNA primers that would induce the change in 
the protein sequence were designed based on residue length and melting temperature. Optimum 
primer length spanned 25-30 residues and optimum melting temperature for PCR was around 75-
78oC. Oligonucleotides were purchased from Eurofins Genomics. Wildtype E. coli CheY vector 
pKC1 (Creager-Allen et al. 2013) was used for the template plasmid because it contained an 
inducible gene coding for CheY fused to a cleavable N-terminal His6 tag to facilitate protein 
overexpression and affinity purification. During PCR, the primers annealed to the wildtype cheY 
sequence, resulting in the replication of mutated plasmids. The mutated plasmid was transformed 
into commercially prepared competent DH5-α max efficiency E. coli cells. Transformed DH5-α 
cells were spread on LB agar plates containing kanamycin (30 µg/mL) and incubated overnight at 
37oC. Colonies were picked, streaked, and incubated on LB agar plates with kanamycin (30 
µg/mL) overnight at 37oC to reduce the possibility of transformants containing multiple cheY 
sequences. Then, single colonies were picked, grown, and incubated overnight in 5 mL LB media 
containing kanamycin (30 µg/mL) on a shaking rack at 37oC. Plasmid was extracted and stored in 
10 mM Tris-Cl, pH 8.5 elution buffer according to the Qiagen DNA miniprep protocol. The 
plasmid was sequenced via Sanger sequencing by Genewiz to check that the correct mutation was 
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created and no unintended mutations were introduced. The plasmid concentration was determined 
using the UV-Vis DNA A260/A280 assay on the Nanodrop 2000 spectrophotometer. 
Protein Purification. Purified mutated pKC1 plasmid was used to transform commercially 
prepared BL21 DE3 competent E. coli cells. Transformed BL21 cells were plated overnight on LB 
agar with kanamycin (30 µg/mL) at 37oC. Colonies were picked the next day and placed in 5 mL 
cultures in LB media with kanamycin (30 µg/mL) and incubated overnight at 37oC on a shaking 
rack. DMSO was added to each of two aliquots of cells as cryoprotectant in long-term storage at -
80oC for future use. Remaining cells were transferred to 2 L of LB broth media with kanamycin 
(30 µg/mL) on a shaking rack at 37oC until cell optical density at 600 nm reached approximately 
0.7. Expression of CheY was induced with IPTG (1 mM) and left to grow at overnight at room 
temperature while shaking. Cells were pelleted by centrifugation (4.2 x 103 g, 20 min, 4oC) and 
resuspended in lysis buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 10 mM imidazole). The 
resuspension was frozen to weaken the cell wall, thawed, then sonicated on ice for one minute 
before being lysed under high pressure (1.5 x 105 kPa). The cell remains were ultracentrifuged 
(1.23 x 105 g, 45 mi, 4oC) in a vacuum to pellet unwanted cell components. The supernatant lysate 
was loaded on 4 mL of Ni-NTA agarose gel column and washed with wash buffer (50 mM 
NaH2PO4 pH 8.0, 300 mM NaCl, 20 mM imidazole). Then, the column was eluted in eight 4 mL 
fractions with elution buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 220 mM imidazole). A 
PageRuler prestained protein gel ladder, samples of the cell lysate, flow through, and elution 
fractions were subjected to protein gel electrophoresis. The gel was stained with Comassie R250 
dye to assess the quality of the purification process. The gel also identified the fractions with the 
greatest concentration of CheY, which were pooled and dialyzed overnight at 4oC against TMG 
[25 mM Tris pH 7.5, 5 mM MgCl2, 10% (v/v) glycerol] to reduce both salt content and the 
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possibility of precipitation. The dialysate was concentrated using an Amicon 10000 Da filter and 
then cleaved with 5 µL thrombin (10 mg/mL) on a shaker at room temperature overnight to remove 
the His6 tag. The sample was then loaded on a Superdex 75 16-60 size-exclusion chromatography 
column using TMG as elutent to separate the CheY from the cleaved tag, thrombin, and other 
possible proteins that eluted off the nickel column. The fractions with protein were identified by 
absorbance at 280 nm, pooled, and centrifuged with an Amicon 10000 Da filter (3.3 x 103 g, 20 
min, 4oC). CheY absorbance was determined via a Protein A280 assay using the Nanodrop 2000. 
CheY concentration was calculated using the absorbance, the molar extinction coefficient 0.727 
(mg/ml)-1 cm-1 (Silversmith et al. 2001), and Beer’s Law 𝐴 =  𝜀𝑙𝑐). The purified CheY was 
aliquoted and stored at -20oC. 
Kinetic Theory. When CheY reacts with a phosphodonor, such as potassium phosphoramidate 
(PAM), the reaction proceeds as follows:  
CheY + PAM
KS
↔ CheY • PAM
kphos
→   CheY-P + NH3
kdephos
→     CheY + Pi.  
The equation to represent the change in CheY and CheY-P concentration over time may be 
represented by the modified Michaelis-Menten equation. Phosphorylation is a second-order 
reaction, whereas dephosphorylation is first-order: 
d[CheY-P]
dt
=
[PAM]
KS + [PAM]
∗ kphos[CheY] − kdephos[CheY-P] 
As time passes, the system reaches equilibrium, so 
d[Y−P]
dt
 approaches 0: 
[PAM]
KS + [PAM]
∗ kphos[CheY] = kdephos[CheY-P] 
When [CheY] = [CheY-P], half the protein is phosphorylated. The [PAM] required to 
phosphorylate half the protein is termed K1/2. Additionally, the observed rate of CheY 
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phosphorylation is linearly dependent on [PAM] with no saturation observed (Da Re et al. 1999). 
Thus, [PAM] is assumed to be small in relation to KS. The equation simplifies to: 
K1/2
KS
∗ kphos = kdephos 
Rearranging: 
kphos
KS
=
kdephos
K1/2
 
Both kdephos and K1/2 may be easily measured, giving an estimate of kphos/KS, which represents the 
second-order rate constant comparing the rate of CheY-P formation to the affinity with which 
CheY binds to phosphodonor. 
Fluorescence Experiments. CheY has a unique tryptophan residue at the D+1 position that can 
fluoresce when stimulated by the correct wavelength of light. When CheY is phosphorylated, the 
fluorescence of the protein decreases. The Perkin-Elmer LS-50B Luminescence 
Spectrophotometer was set to an excitation wavelength of 295 nm and the emission wavelength 
was 346 nm. The slit width varied between 6 and 9 nm to increase or reduce the sensitivity of the 
readings. 
K1/2 Experiments & Data Analysis. In order to measure phosphorylation, the concentration of 
phosphodonor must be changed as the experiment progresses. However, adding phosphodonor will 
increase the ionic strength of the solution. Ionic strength is known to affect the rate of 
phosphorylation; thus, it must be kept constant by using reagents of constant ionic strength. A 
cuvette containing 5 µM CheY in a reaction buffer of 230 mM ionic strength (100 mM HEPES 
pH 7.0, 10 mM MgCl2, and 100 mM KCl) was prepared at 25
oC and mixed with a micro stir bar. 
The phosphodonor solution was also made at 230 mM ionic strength (100 mM HEPES pH 7.0, 10 
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mM MgCl2, 100 mM PAM). Increasing volumes of the PAM solutions were added to the cuvette. 
After each addition of PAM, the CheY fluorescence reading was given time to stabilize, then 
recorded. Afterwards, the fluorescence readings were corrected to account for the dilution due to 
PAM addition. The change in fluorescence after each PAM addition was plotted against total PAM 
concentration (Figure 2) (Silversmith & Bourret 2018). Using the GraphPad Prism analysis 
software, a one-site binding curve following the equation Y=Bmax*X/(Kd+X) was fit to find the 
K1/2 (Figure 2). 
 
Figure 2. K1/2 Flouoresence for Wildtype CheY with PAM. Each dip in the fluorescence 
represents an increasing amount of PAM added to the cuvette. Eventually, the protein becomes 
saturated with phosphodonor, and the fluorescence drops less and less. 
kdephos Experiments & Data Analysis. The Applied Photophysics RX-2000 stopped-flow rapid 
injection mixer consists of two syringes whose contents are quickly combined when pressure is 
applied. This device was used to control the dephosphorylation experiment in conjunction with the 
fluorimeter. The first syringe contained 5 μM CheY, [PAM] corresponding to 5x K1/2 of CheY, 5 
mM Tris-HCl pH 7.5, and 10 mM MgCl2. The second syringe contained 200 mM Na2CO3 pH 
10.2. Before the syringe contents were mixed, CheY in the first syringe both autophosphorylated 
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with phosphodonor and autodephosphorylated with water. The addition of the high pH carbonate 
buffer inhibited the pH-dependent phosphorylation reaction by deprotonating PAM and reducing 
the potency of the amine as a leaving group. The PAM concentration of 5x K1/2 was chosen to be 
high enough to phosphorylate most of the CheY at pH 7.5, but not so high as to leave significant 
amounts of protonated PAM after the shift to pH 10.2 (Bourret et al. 2010). This value is dependent 
on the specific K1/2 for the particular CheY mutant. Upon mixing of the two syringes, the 
fluorescence increases as CheY autodephosphorylates (Figure 3). 
The fluorimeter data points for each injection were cropped at 95% of the final reading value to 
reduce the effects of long plateau tails on the curve fit function. Then, using the Prism software, 
the one-phase exponential decay following the equation of Y=Span*e-K*X + Plateau was fit for 
each injection and the kdephos values were averaged across n ≥ 4 injections. Finally, the value of 
kdephos/K1/2 was calculated and converted to units of M
-1s-1. 
 
Figure 3. Dephosphorylation of Wildtype CheY. Multiple injections of phosphorylated CheY 
and a basic sodium carbonate buffer pH 10.2 to halt the pH-dependent phosphorylation reaction. 
The fluorescence increase resulting from dephosphorylation is observed. 
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Results 
Analysis of K+1 and K+2 Positions Reveals Strong Preference for Proline at K+1 and 
Stratification by Side Chain Property at K+2. In sample of 33,252 non-redundant response 
regulators (RRs) found in nature, position K+1 is largely predominated by proline (Table 1). The 
strong preference of proline suggests Pro at K+1 may be important to the function of response 
regulators. Given that K+1 exists in a loop between β and α strands, the proline here may a 
structural role in maintaining the form of response regulators. 
Table 1. Frequencies of Residues at K+1. 
Amino acid at Abundance 
  K+1  (%) 
 P  81  
 D  5.3  
 S  2.8  
 G  2.4  
 Other  7.6  
 
Examining the residues at the K+2 position reveals a stratification in the type of amino acids most 
commonly found across response regulators. The top five amino acids, which represent 77% of 
the RRs in the database, are non-polar residues with the top four containing bulky aliphatic R-
groups (Table 2). Of the next four most frequent residues at K+2, the top three contain hydroxyl 
R-groups (Table 2). Finally, the least common residues include all of the positively and negatively 
charged amino acids, as well as additional polar residues including amines. The stratification 
suggests there is a correlation between response regulator function and side chain property at 
position K+2. 
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Table 2. Frequencies of Residues at K+2. 
 Amino acid at  Abundance 
       K+2   (%) 
 F  39  
 V  15  
 I  13  
 L  5.8  
 A  4.9  
 Y  4.6  
 S  3.1  
 T  2.5  
 W  1.7  
 E  1.5  
 D  1.5  
 C  1.5  
 R  1.3  
 G  1.0  
 M  0.84  
 P  0.78  
 N  0.75  
 Q  0.69  
 K  0.62  
 H  0.35  
 
Examining K+2 Residues While Holding Proline at K+1 Reinforced K+2 Stratification. Of 
the roughly 81% of response regulators that possess a proline at the K+1 site, the frequencies of 
K+2 sites were examined. Just as large hydrophobic side chains were most abundant in Table 2, 
Table 3 displays a distinct stratification of residues by side chain property. However, the 
stratification is more pronounced than in Table 2; all the hydrophobic residues plus tyrosine make 
up 94% of all K+2 residues in PX (Pro at K+1, X at K+2) response regulators. The second most 
frequent group includes -SH/-OH R-group residues and glycine (4.3%). The least common 
residues at K+2 include amines and positively and negatively charged R-group amino acids 
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(1.5%). This stratification in abundance by side chain revealed in Table 3 increases the likelihood 
that the activity of RRs depends on the identity of K+2 when paired with Pro at K+1. 
Table 3. K+2 Residues with Proline at K+1. 
  Amino acid at      Abundance 
K+1  K+2 (%) 
 P F 47 
 P V 16 
 P I 14 
 P L 6.5 
 P Y 5.6 
 P W 2.0 
  P A 1.9 
 P C 1.3 
 P S 0.90 
 P T 0.69 
 P P 0.61 
 P M 0.50 
 P G 0.31 
 P Remainder 1.4 
 
Measured Wildtype CheY Dephosphorylation Rate Constant Matched Existing Literature, 
But the Phosphorylation Rate Constant Did Not. Wildtype CheY (PF) was first examined to 
establish a baseline understanding of phosphorylation and dephosphorylation rate constants. The 
dephosphorylation rate constant, kdephos, for wildtype CheY was measured to be 3.6 min
-1 (Table 
4). The phosphorylation rate constant, kdephos/K1/2, was calculated to be 50 M
-1s-1 (Table 5). While 
the dephosphorylation rate constant matches the existing literature of 3.2 min-1 (Schuster et al. 
2000), the phosphorylation rate constant does not agree with the existing literature of 8 M-1s-1 and 
8.5 M-1s-1 (Schuster et al. 2000; Schuster et al. 2001). This is most likely due to an error in 
measuring the K1/2. The ionic strength of the K1/2 experiment, which is known to influence K1/2, 
was not held constant ionic strength. Because currently existing literature set a standard of 230 
mM ionic strength (Thomas et al. 2013), the results presented in Table 5 cannot be accurately 
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compared to established studies. However, all K1/2 experiments in this paper were conducted under 
the same conditions, allowing for tentative comparison between results. 
CheY PA and PG Mutants Exhibited Increased Phosphorylation and Dephosphorylation 
Rate Constants. Compared to wildtype, the PA mutant showed an approximate three-fold increase 
in the kdephos (Table 4). Additionally, its K1/2 value was approximately four-fold less than of 
wildtype (Table 5). Therefore, the kdephos/K1/2 value representing the phosphorylation rate constant 
is approximately 12-fold greater than wildtype, increasing the phosphorylation activity of CheY. 
Similarly, the PG mutant demonstrated an approximate two-fold increase in kdephos and an 
approximate three-fold decrease in K1/2, producing an increase in kdephos/K1/2 over wildtype CheY 
by approximately seven-fold. The large change in both phosphorylation and dephosphorylation 
rate constants observed in PA and PG provides incentive to further examine changes to the K+2 
residue. Furthermore, the similar behavior of PA and PG suggests that the effect is due to the 
overall presence of a small side chain, rather than specific differences due to a methyl group versus 
a hydrogen atom. 
Table 4. Wildtype and Mutant CheY kdephos Values. 
 Amino acid at  kdephos Compared 
K+1  K+2  (min-1) to WT 
 P F 3.6 ± 0.07 1.0 
 P A 10 ± 0.4 2.8 
  P G 8.4 ± 0.3 2.3 
 A F 4.4 ± 0.2 1.2 
 A A 7.4 ± 0.2 2.1 
 P L 6.9 ± 0.2 1.9 
 L L 17 ± 4 4.7 
 S G                   N/Aa              N/Aa 
aHeavy precipitation prevented kdephos measurement. 
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Table 5. Wildtype and Mutant CheY K1/2 and kdephos/K1/2 Values. 
         kdephos     
  Amino acid at   K1/2
a  K1/2  Compared 
   K+1  K+2  (mM) (M-1 s-1)     to WT 
  P F 1.2 ± 0.04 50 1.0 
  P A 0.27 ± 0.01 617 12 
   P G 0.42 ± 0.11 333 6.7 
  A F 4.5 ± 0.2 16 0.3 
  A A 1.6 ± 0.1 77 1.5 
  P L 1.0 ± 0.1 115 2.3 
   L L 9.2 ± 1.6 30 0.6 
  S G               1.2 ± 0.1        N/Ab             N/Ab 
aK1/2 was measured at low and variable ionic strength. 
bHeavy precipitation prevented kdephos measurement. 
CheY AF and AA Substitutions Had Little Effect on Phosphorylation and 
Dephosphorylation Rate Constants. The AF (Ala at K+1, Phe at K+2) and AA (Ala at K+1 and 
K+2) substitutions did not produce notable differences from the wildtype CheY in either kdephos 
(Table 4) or K1/2 (Table 5). As a result, kdephos/K1/2 was within three-fold of the wildtype value 
(Table 5). Notably, both substitutions changed the prevailing Pro at K+1, suggesting that changing 
this residue did not have a large effect on CheY phosphorylation and dephosphorylation rate 
constants. The lack of impact of the AF and AA substitutions appears to contradict the predicted 
importance of proline at K+1 based on natural abundance. 
K+1 Pro and K+2 Phe Sidechains Had Antagonistic Effects on the CheY Phosphorylation 
Rate Constant. To better understand the relative contributions to the phosphorylation rate constant 
that the individual K+1 and K+2 sites provide, the difference in Gibbs free energy of 
phosphorylation caused by changing the individual amino acid may be examined (Wells 1990). 
The change in free energy is calculated by comparing the effect of various amino acid pairs to a 
baseline. The AA mutant was used as a baseline to examine the effects of adding more complex 
side chains. 
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The free energy of the reaction is proportional to the natural logarithm of the rate constant: ΔG = 
-RTln(k). Therefore, to compare AA to various pairs of K+1 and K+2 substituted CheY mutants, 
the following proportionality was produced (Wells 1990). This relative free energy change was 
evaluated for PA, AF, and PF, and was abbreviated to XX:AA. 
ΔΔG‡ XX: AA ∝  ln (
Mutant kdephos/K1/2
AA kdephos/K1/2
) 
The relative free energy change for AF:AA and PA:AA were compared to the double-site 
substitution free energy change of PF:AA (Figure 4). If the observed effect is much larger than 
predicted, then the interaction is synergistic. If the observed effect is similar to predicted, then the 
effect is additive. Finally, if the observed effect is much less than predicted, then the interaction is 
antagonistic. 
Pro and Phe produced antagonistic effects on the phosphorylation rate constant; the observed 
relative free energy change of phosphorylation of 0.43 for the PF combination was much less than 
expected based on the sum of the single mutant effects (-0.52) (Figure 4). The difference in relative 
free energy between the PF and PA+AF is 0.95 units on the natural logarithm scale, which 
translates to a 2.5-fold discrepancy in phosphorylation rate constant, and is large enough to be 
discounted as additive. Because the PA+AF value resulted in reducing the phosphorylation rate 
constant as opposed to increasing it, the combined effect was defined as antagonistic to kdephos/K1/2. 
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Figure 4. Individual and Combined Effects of Substitutions at K+1 and K+2 on CheY 
Autophosphorylation Rate Constant. Normalized to AA, the free energy change in kdephos/K1/2 
observed for PF was antagonistic. 
K+1 Pro and K+2 Phe Sidechains Had Additive Effects on the CheY Dephosphorylation Rate 
Constant. The relative free energy change may also be calculated for the dephosphorylation rate 
constants by comparing that of AA to other CheY variants. The observed kdephos for the PF relative 
free energy change was about -0.72. When compared to the predicted sum of -0.21 (PA+AF), the 
difference is 0.50 units on the natural logarithm scale, which translates to a 1.6-fold difference 
between the dephosphorylation rate constants of PF and PA+AF (Figure 5). The reasonably small 
discrepancy, within a factor of two, suggests that individual contributions to dephosphorylation of 
PA and AF were additive, and did not interfere with each other as they did in phosphorylation. 
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Figure 5. Individual and Combined Effects of Substitutions at K+1 and K+2 on CheY 
Autodephosphorylation Rate Constant. Normalized to AA, the free energy change in kdephos 
observed for PF was additive. 
The CheY PL Mutant was Similar to Wildtype PF. The leucine at the K+2 site for the PL mutant 
(4th most common residue at K+2) replaces the phenylalanine with a similarly large hydrophobic 
group. The kdephos/K1/2 value for PL was similar to that of wildtype within two-fold. Likewise, the 
kdephos for CheY PL was also within two-fold of wildtype CheY kdephos. This result suggests that 
large hydrophobic residues similar to wildtype may produce reaction rate constants similar to 
wildtype. 
CheY SG and LL Substitutions Did Not Provide Insight into Extreme Response Regulator 
Dephosphorylation Rate Constants. The SG and LL CheY mutants were meant to represent the 
amino acids at K+1 and K+2 that produce the fastest (Porter & Armitage 2002) and slowest 
(Jagadeesan et al. 2009) dephosphorylation rate constant respectively in studies of many wild-type 
response regulators, though it was discovered later that SG and LL were not the correct residues 
at K+1 and K+2. A misreading in the protein sequence of two response regulators resulted in the 
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error. Efforts to characterize the correct K+1/K+2 pairs (PS and GG) are currently underway by 
another member of the Bourret laboratory. 
The K1/2 value for CheY SG was nearly identical to that of wildtype (Table 5). Unfortunately, the 
CheY SG protein also precipitated heavily across three protein purifications attempts, preventing 
the production of enough protein for kdephos experiments. Thus, the kdephos/K1/2 could not be 
determined. The CheY LL mutant exhibited K1/2 and kdephos values both greater than that of 
wildtype by approximately five-fold (Table 5). Thus, kdephos/K1/2 for LL remained similar to 
wildtype, within two-fold, suggesting that while the changes to K+1 and K+2 did not greatly affect 
the phosphorylation rate constant, they did increase that of dephosphorylation. 
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Discussion 
Previously Studied D+2 and T+2 CheY Mutants Demonstrated Inverse Effects on 
Dephosphorylation and Phosphorylation Rate Constants. Previous studies of variable active 
site residues that affect response regulator reaction kinetics primarily focused on positions D+2 
and T+2. CheY D+2 and T+2 mutants with high kdephos also have low kdephos/K1/2, and vice versa 
in the presence of certain phosphodonors such as phosphoramidate (PAM), demonstrating an 
inverse relationship (Page et al. 2016). It is thought that hydrophobic D+2 and T+2 residues 
facilitate autodephosphorylation through interaction with the leaving group of the phosphodonor, 
whereas hydrophilic D+2 and T+2 residues such as acids and amides promote 
autodephosphorylation by coordination with water. 
In Contrast to Studies at D+2 and T+2, Dephosphorylation and Phosphorylation Rate 
Constants Both Appeared to Increase in Some CheY K+1 and K+2 Mutants. Substituting 
certain residues at K+1 and/or K+2 appeared to increase kdephos/K1/2 and kdephos when compared to 
the wildtype residue at that position (Table 4 & 5). Examining CheY mutants with K+2 
substitutions, the PA, PG, and PL mutants all exhibited a two-fold or greater increase in both rate 
constants compared to wildtype PF (Figure 6). Similarly, AA had both increased rate constants 
when compared to AF. However, the rate constant changes caused by the K+2 substitutions did 
not affect phosphorylation and dephosphorylation by the same proportion. In general, changing 
K+2 affected both rate constants in the same direction, but influenced the kdephos/K1/2 more than it 
did for kdephos. 
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Figure 6. Effect of K+1 and K+2 Substitutions on CheY Autophosphorylation and 
Autodephosphorylation Rate Constants. This figure plots data from Tables 4 and 5. Wildtype 
(PF) is in red for identification. Phosphorylation rate constant experiments were measured with 
the phosphodonor PAM. All mutants demonstrate increased kdephos and most exhibit greater 
kdephos/K1/2 compared to wildtype. However, note the differences in scale. kdephos values span a five-
fold range, whereas the kdephos/K1/2 values span a 35-fold range. 
When examining mutants with K+1 substitutions, the AF mutant demonstrated a slightly larger 
dephosphorylation rate constant than wildtype PF by about 1.2-fold. Similarly, the LL mutant 
demonstrated a larger kdephos than PL by about 2.5-fold. However, both the AF and LL mutants 
also demonstrated smaller kdephos/K1/2 by three- to four-fold when compared to their respective PF 
and PL baselines. In contrast to changing K+2, these substitutions at K+1 affected rate constants 
for the two reactions in opposite directions. However, the inverse trend does not hold for all 
comparisons with CheY K+1 substitutions. Comparing AA to PA, there was a large decrease in 
kdephos/K1/2 and a small decrease in kdephos. In summary, changing K+1 affected kdephos/K1/2 more 
than kdephos. Furthermore, removing Pro at K+1 diminishes the phosphorylation rate constant. 
Modest Influence of Pro at K+1 Despite Strong Preference Suggests Undiscovered Selective 
Pressure for Pro. Given the rigid structure of Pro, the position of K+1 situated in the loop between 
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the β5 and α5 secondary structures, the proximity of K+1 to the lysine of the active site, and the 
~80% prevalence of Pro at K+1 in naturally-occurring response regulators, one might reasonably 
expect that changing this position would have quite large effects on the phosphorylation and 
dephosphorylation rate constants of CheY. At first glance, no such large effect was observed; in 
the three mutants (AF, AA, and LL) that have a substituted K+1 residue, the kdephos/K1/2 values 
remained around that of wildtype, although LL increased kdephos by five-fold. However, the more 
careful pairwise comparisons described above showed that removing Pro from K+1 decreased the 
phosphorylation rate constant three- to eight-fold in all cases. Nevertheless, this is not a huge effect 
on the rate constants of reactions that are known to span orders of magnitude in different response 
regulators. The modest effect suggests that either K+1 may not have as important a role as 
previously believed, or that there are certain evolutionary pressures selecting for Pro at K+1 such 
as protein stability or association with moieties of other proteins that are not measurable or 
observable through in vitro phosphorylation and dephosphorylation experiments. 
Several Possibilities May Explain Observed Role of K+1 and K+2 Affecting Both Rate 
Constants. As K+1 and K+2 sites appear to play a role in influencing both rate constants, the 
residues may affect a common feature in both the phosphorylation and dephosphorylation 
reactions. The transition state in both reactions involves oxygens of the planar phosphoryl group 
interacting with conserved Thr/Ser, Lys, and Mg2+, along with the formation/breakage of a partial 
bond between Asp and the phosphorus atom. Changing the identity of K+1 and K+2 may alter the 
stability of the transition state; increasing the stability may lower the activation energy, allowing 
for faster kinetic reactions. It is also possible that the replacement of the large hydrophobic K+2 
Phe, which is angled into the core of the protein (Figure 1), with a small residue like Ala or Gly, 
increased the degrees of freedom of protein flexibility. In turn, this flexibility might increase the 
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population of response regulators in the active conformation and increase the affinity of the RR 
for phosphodonor. However, additional studies must be conducted to elucidate the precise 
mechanism of action. 
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Future Directions 
Though the current data is promising, a more robust understanding of the effects of substituting 
residues at K+1 and K+2 is desired. Several opportunities for future studies remain. 
K1/2 Experiments Require Reevaluation at 230 mM Ionic Strength. The first priority is to 
conduct K1/2 experiments at the previously established 230 mM ionic strength, found in previous 
literature, to allow accurate comparison of K+1/K+2 mutants to existing data. 
Additional K+1 and K+2 Mutants May Provide More Insight into Effects on 
Phosphorylation and Dephosphorylation Rate Constants. Creating more K+1/K+2 mutants 
will allow for further purification and experimentation. However, with two variable positions, 
there are 202 = 400 possible K+1/K+2 combinations. Examining Table 1 may provide insight into 
which combinations will yield promising results. Two mutants are currently in progress. CheY PK 
possesses a positively charged amino acid side chain at K+2: a category not yet studied. CheY PM 
possesses a non-polar side chain at K+2 that is much less abundant than any other hydrophobic 
side chain. Additional possible mutants include the true K+1/K+2 residues for the response 
regulators with the fastest and slowest kdephos values currently known. Furthermore, the K+1/K+2 
sites of 77% of all RRs consist of just seven residue combinations: PF, PV, PI, PL, PY, PW, and 
PA. As the PF, PL, and PA mutants already exist, examining the four remaining mutants (PV, PI, 
PY, and PW) may be of interest to examine if they possess the wildtype-like phenotype. Finally, 
it would be useful to test the effects of CheY GF and GG substitutions in relation to PF and PG, 
to further confirm how K+1 and K+2 individually contribute to rate constant kinetics. GG at 
K+1/K+2 is also the pair of residues in the RR with the smallest kdephos (RedE in Myxococcus 
xanthus), which further strengthens the argument to explore this mutant (Jagaseesan et al. 2009). 
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Understanding Some Effects of K+1 and K+2 Substitutions Provides Motivation for Protein 
Crystallography, Phosphoryl Group Analog Binding, and Combinations with D+2, T+1, and 
T+2 Substitutions. With a greater understanding of the effects of K+1 and K+2 substitutions on 
CheY response regulator phosphorylation and dephosphorylation rate constants, additional 
experiments may seek to determine if CheY favors the active or inactive configuration during 
phosphorylation via X-ray crystallography. Tests for active versus inactive configuration may also 
be conducted by measuring the change in CheY fluorescence in the presence of the phosphoryl 
group analog molecule beryllium trifluoride (BeF3
-), in which active conformers of CheY bind 
more tightly to the analog than do inactive conformers. Further studies may examine the effects of 
combining K+1 and K+2 with previously explored D+2, T+1, and T+2 substitutions to test for 
synergistic effects that may ultimately help explain the six-order of magnitude variability in 
response regulator dephosphorylation found across nature. 
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